‘.,'—/ g

STUDY ON EXHAUST PLUME RADIATION PREDICTIONS

INTERIM PROGRESS REPORT - PART II

g

FEBRUARY 1966

Technical Report
Research and Advanced Technolcgy Department

CONTRACT NAS 8-11363

GAINmD

GENERAL DYNAMICS CONVAIR

'




] s P
C-DBE-o4-001=
~

o vorven T e et ceyan s
IenTe LE8norsiory

STUDY ON EXHAUST PLUME RADIATION PREDICTIONS

INTERIM PROGRESS REPORT - PART II

FEBRUARY 1966

This work was sponsored by The George C. Marshzll Space Flight Center
cf +he National Aeronautics and Space Administration under Contract
NAS £-11363. The work was administered under the direction cf the
Aerc-Astrodynamics Laboratory (R-AERO-R) of The George C. Marshzll
pace Flight Center cof Huntsville, Alasbamsa.

w

GAND

GENERAL DYNAMICS CONVAIR

i



TABLE OF CONTENTS

Page
I. INTRODUCTION v ¢ v v o v ¢ v v o o o o v o o v v o v 1
II. CURVES OF GROWTH AND THE DETERMINATION OF THE FINE
STRUCTURE PARAMETERS '+ + ¢ 4 « o o v o o « o« o o o o o « 7
III. DETERMINATION OF THE FINE STRUCTURE PARAMETERS FROM
EXPERIMENTAL CURVES OF GROWTH . . « « « « v & « « . . 31
Iv. LINE WIDTHS o v v 4 4 v v v e e e e e e e v e e e e Lo
1) Cellision Widths for O . o v Lp

o
=

2) Collision Line Widths for CO, and CO . . . .

§
=

3) Doppler Line WidthS v v o v v o o o v v o v o o &

‘ vV-1. SUMMARY OF CURRENT RADIANCE CALCULATION (MODEL 3) . . . . L7

1) Radiance Calculatiofn v o o o « o o o o o o o « o o o . L7

S 1 ;‘/ * - -\ o
2) Curves of Growth \,\f(‘r > 8o aD)/ e e e e e e e e e Lg
3) Mear Absorption Coefficients "X(T)Y . . . . . . ... Lg

L) Ccllision Line Half Widths v o v o v v o v o o v o o . Ly
5) Doppler Half-Widths . + v o v o v ¢ 2 o o v o o o o 4 51
6) Fine Structure Parameters .« « « + « « o ¢ o o o o o . 51

V-2. SUMMARY OF SIMPLIFIED RADIANCE CALCULATION (MODEL 3a) . . 52

APPENDIX . .« . ¢ v v v e e o 4 o o o o % o o o o o 4 o s o e s 54

ii




Introduction

In this section of the Interim Progress Report we complete the
description of the work carried out during the past year on the analytic
heat transfer studies portion of this contract. In Part I of this report
five subjects were covered:

1) a summary of the presently available "pest’ valuee ©

absorption ccefficients for COE’ H,O, and CO;

2

2) s summeary of the procedures used to evaluate these coef-
ficients and preliminary estimates of the fine siructure
parameters for water vapor;

3) an analysis of the l/S intensity distribution function
and corresponding curves of growth with application to CO25

L) calculations of the high pressure limit for the total

emissivity of water vapor versus temperature and pathlength;

5) a brief description of the inhomogeneous gas radiance calcu-
lation.

In the present Part II, work carried out in the fcllowing areas is

described:

1) representations of the curves of gfowth that are useful at
low pressures (Doppler broadening) and for inhcmogeneous
gases;

2) evaluation of the line intensity and line spacing parameters
for 002 from Malkmus‘ weak and strong line calculations;

3) sensitivity of the inhomogeneous radiance calculation to

approximations made in the descriptions of the "not" and



"e0ld" lihes and to the choice of the intensity distribution

functions;
4)  line half widths of HEO’ CO,, and CO;
5) detailed description of the current inhomogeneous radiance

calculation (Model 3 and 3a).
have been developed during the last several
years under a continuing program on infrared radiative transfer Prom high
temperature gases. In addition to company sponscred studies, the studies
have been supported in large part by ARPA under Project DEFENDER, =ud more
recently by NASA (MEFC). “The pr%gcipal ocbjective of the ARPA program ic
the develcpment of theoretical models of the infrared radiztive proper‘ies
of missile exhaust plumes for the purpose of long range detection. The
radiative transfer studies have been divided into three principal areas:
the experimental determination of the absorption coeflicients of various
molecules, the theoretical calculation of the spectral emissivities in the
thin, square root, and Dopplef limits, and the development of a practics
calculation procedure that can be applied to gzs volumes having arbitrary
Pressure, conposition and temperature profiles. BSince the ARPA study has
been primarily concerned with the development of approximate overall
exhaust plume models, detailed sensitivity analyses and assessments of
the accuracy of the radiative transfer techniques has nol been of major
concern in this study. In general, the objective has been to develop
techniques that are relisble to within about = facior of 2.

The NASA study has a similar objective but the requirements on
accuracy and assessment of reliability are considerably higher. Also,

the optical depths involved are considerably greater. The NASA effort




has had and does hzve four principal objectives:

1)

2)

3)

4)

the messurement of absorption coefficients for clouds cof
small carbon particles and the comparisor. of these wit

the theoretical medels developed previously;

refinement and assessment of the accuracy of the molecular
absorption coefficients for H?O, 002, and CO which have been
and are being evaluated in experimental and thecoretical
studies conducted under the ARPA program. Of principal
importance here are analyses tc determire the sensitivity
of the total radiative heat transfer from homogeneous and
inhomogeneous gas volumes to the inherent uncertainties

in the measured spectral absorption coefficients and to
establish a guantitative measure of the reliability of cuch
calculations; s
continuing development arnd refinement of the formalism

for calculating the radiance of homogenecus and inhomo-
geneous gas volumes. Included in this area =zre sensitivity
analyses to determine the errors resulting from various
approximete curve of growth representations, line width

and shape representations, rotaticnal fine structure
representations, and the use of the modified Curtis-Godson
approximation;

experimental determination of the fine structure parameters

. for H20 from long path high temperature measurements at

various pressures in the long burner. These measurements

will be used to test and refine the curve of growth and




fine stiructure formalism and to yield values for the line

width *o line spacing parameters &s a function of tempera-
ture and wavenumber.

Because of the obvicus close interdependence of these programs, it
is both difficult and undesirable to maintain a clear division between
the two studies. In general the ARPA work has been concerned with the
experimental and theoretical determination of the molecular emissivities
in the weak line limit (i.e., the abscrption coefficients) and thecretical
calculations of the Lorentz strong line limit (sguare root region) and
of the Doppler strong line limit (very low pressure). Also methods for
evaluating the radiance of inhomogeneocus gases have been developed under
thié study. . .

To date the NASA effort has been directed towards an experimental
determination of carbon absorption coefficients, sensitivity analyses for
and refinements of the fine structure, line width, curve of growth repre-
sentations, znd of the inhomogeneous radiance calculation. Thus items
numbered 1, 2, and 5 describing .the work reported in Part I of <his
progress report (see page 1 of this section), represent the results of
rather extensive studies carried out principally under the ARPA contracts,
although the summarizing, tabulation, and presentation of this data was
supported in part by both agencies. Also items 1 and 5 belonging to
Part II (see page 1 ) represent summaries of work carried out principally
under the ARPA contracts. Although scme of this data has been previously
reported under the ARPA contract, we have felt it desirable to include a
fairly detailed description of all these areas in the present progress
report.

In the future, in order to keep these studies distinct so that credit




may be assigned in arn sppropriate manner, we will maintain the following
formal separation: the ARPA studies are &ssociated with the initial deter-
mination of the moclecular absorption coefficients and the initisl develop-
ment of the curves of growth and fine structure representatiocns and the
inhomogeneous gas calculational procedures; the NASA studies are responsible
for the sensitivity analyses, assessments of accuracy and calculational
efficiency, refinements of the curve of growth, line width, and fine
structure representations and for the empirical determination of the fine
structure parasmeters for water veapor in the long burner measurements.
However, since for technical reperting purposes such s distinction would

be totally impractical, mutual credit will be given to both agencies when
the data to be described is a result of a significant amount of effort in
each area. Primary emphasis will be given to producing the most useful
technical documents.

In the following sections II and III of this report, we discuss the
curve of growth and fine structure representztions, the grohping of "hot"
znd "cold" lines, and the sensitivity of the izhomogenecus radiznce calcu-
lation to the detzils of the formalism. In Section IV the line widths of
H20, CO,, and CO sre discussed and in Section V a detailed description of
the current radiance calculation is given {(this is denoted Model 3). Also
in Section V a simplified form (Model 3a) is described. Four radiance
models currently exist (1, 2, 3, 3a). Model 1 is a preliminary model
developed some time ago and has never been formally reported in detail.

An informal description cof this model was given to the contract monjitor

previously. Model 2 (which applies to only H.O in the non-Doppler broadened

2

region) was described in Part I of this progress report. This model is




a simpler model for homogeneous gases which groups all the lines together

in & single curve of growth [Eq. (5)] and was used as the model for deducing
HEO absorption coefficients from empirical data obtained by various investi-
gators. Model 3 is an improvement of Model 1 and represents our current
v'%est“ method for evaluating the infrared radiance of gases containing CO,,
B0, co, H,, X, 0,, and carbon vhich have arbitrary temperature, composition,
and pressure profiles. Model 3a is & simplified version of Model 3 which
dces not distinguish between "hot" and "cold" lines. For homogenecus g2s
volumes containing HEO only at pressures greater than 0.1 atmosphere' (for .
which Model 2 is applicable), Models 3 &and 3a zre somewhat different from
Model 2 (see Figs. 18 and 19) but the differences are within the present

experimental uncertainties.



1T.

Curves of Growth and the Determination of the Fine Structure Parameters

In the random or statistical band model, the transmission function
(E) may be written as a product of the transmissions ti of the individual
line sequences which result from transitions having different upper vibra-

tional states:

t:l'.!ti (1)
1

In Fig. 1 we show a schematic breakdown of the CO_ spectrum int¢o individual
sequences. Here Eg is related to the ratio of the mean equivalent width W,
4

t0 the mean line spacing di of the ith sequence:
T W
t, = exp( ki/di) (2)

It is convenient to express the ratio (W/d)i in terms of the smeared absorption
coefficient Ei (= si/di) and the ratio a, of the line half width to mear line

separation (ai = yi/di):
(w/d)i = a, f(E;u/ai) (3)

Here u is the pathlength. The dimensionless function f(x) is the curve of

growth for the ith segquence. For equally intense randomly distributed Lorentz

lines, 2rnf(x/2n) is the Ladenburg-Reiche function:

() - xe™/2(3 (&) - 10, () ()

Within 10% this function may be approximated by the somewhat simpler form

(see Fig. 2a):

£,(x) = VT x/F . (5)

This curve of growth is exact for an exponential distribution.
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No simple functional relation exists for egually intense Dcppler lines.
However, for most purposes the rollowing representzticn

(within 10% - see Fig. 7b):

£.(x) = 1.7 Jﬂm (].+(.58£h{)§)‘ (6)

When the total number of branches contributing to tle emission at a

particular wavelength is relatively small and not too many evaluations of

t are reguired, it is feasible to compute the contributio

3

y (t,) from each

4
fundamental seguence individually and multiply the individual terms tcgether.
However, for polyatomic molecules such as C02 and H,0 =t high temperztures

this is usually too complex in practicel situations, pzrticularly fo

a1
[
B
Q
H
@)
]

geneous noniscthermal mixtures. Here it is desirable to sepzrate the
contributing lines into g relatively small number of groups each of which

can be treated in terms of a single curve of growth. The simplest methed

is to assign 211 the lines t0 one group and approximate the curve of growth
by a single universal temperature and pressure independent function, such

as the Ladenburg-Reiche function or that corresponding to an exponential cor
1/8 intensity distribution. In this approximation the trezusmission properties
can be specified in terms of two parameters at each wavelength and temperzture:
the mean absorption coefficient kX and the mean value of the line width to
spaciné ratio a. For homogeneous gases at high pressures where Doppler
brogdening is not important, this has been found to yield reasonably accurate
results when the line spacing is chosen so that the correct limiting values
are obtained in the square root region. This is due to the fact that, for

Lorentz lines, the curves of growth are relatively insensitive to the iantensity

10
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bution by less thzn @5% throughout the erntire rasng

However, when Doppler troadening i{s important or when treating inhomo-

oY

gerecus gases in the Curtis-Godson zpproximation, ithe errors resulting from
this approazch can be cericus in some situations. Wnen Doppler brozdening
is dominant, z more accurate accounting of the wearer lines is required

A

when dezling with optically thicz systeme. 1o a nonisothermal gas in which

1

not interior is zurrcunded kty z cocl sbzorving exterior, ihis two-parameter

t
o

approximation tends to cverestimate the atitenusticn of the ccol ocuter gas

for the radistion emi<ted bty the "hot" lines . ature interior

region. Since, In general, the "holi" lines tend uzlso —co re <le lower intensity

lines, both of these provlems can be allevi
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groups according to their dependence on itzmperature.
The intensity of an individuzl spectrzl 1!

intervel between » and v + AV, may be exg

the dependence on femperziure and quanium

p n(v.,Jd.) -E/iT

( i?71

Si:-——,f(-T—)——e (7)
Here vy and Ji reprecent the group of quaaium numbers required to specify
the trancition, E. ic the energy of ithe upper stz*e, p it the deusity of the
species and Y(T) 2 function dependent only on temperature. Except fer the
factor p/Y(T), which is common to zll the contributing li: +he only tempera-
ture depeundent factor 1s the exponential term. We may thus group the lines

according to the vzlue cf E If the erergy scele ig divided into equal




e S

intervals of width AE, the ith line is tc be zssigned to the nth group

. / © 4 . " el P o3 - e o~ . R Y. IR

if (n-®)AE < E, < (n+2)AE. Thus the mean absorpticn coerficlent for the
ke

ath group (EA :(§7d)n) is given by

N — - -(E, -uoE) /xT-
T _.n N (P, i | _-nAE/kT
k =% L L9 n(vi,Ji) e | e . (8)
i

where the sum is to be carried out over lines (N} in all) which fall in the

. . . : .. 1
irterval Av and for which |E,-nAE|< AE/2. The meza lire density (a—) for
o

n
this group is Nh/&v. These expressions mzy be rewritten in the form
~d
1
T - &/%
(9)
™ - -nAE/ET
k = k(T) f_ e / /Q(T)
ol
. - A & . . —_—
where Q(T) =) £ e “AE/ﬁT, f = 1lend g =1. Thus «(T) is the local
n=0

total sosorpticn coefficient in the Just cverlzsppilg lire approximation.

This is a convenient representaticn gince the results (i.e., radizncies)

tend to be relatively insensitive both tc the values of ¥ and g zand to

the value of AE. The value of AE should be chosen as large as possible
comrensurate with the requirement that the cocefficients fn may be approximated
by temperature independent vazlues. A convenient choice for AE is the energy
of the least erergetic vibrational mode of the molecule. Having chosen a

value for AE, the values of fn and g~1 mey be determined from a detailed

thecretical cslculation at representative temperatures when these are

13




availzble. Very often, however, either the thecretical calculations are

w

. e
re ngl ag

A+]

not available or ¢ ccurate as availstle experimental data. When

wm

the linear (weak line) and the square root (strong line) limits are available
from experiment, the theoretical calculations may be used to choose vulues
for the g, and fn, for which high accuracy is not important, znd the experi-
mental data to derive values for the more sensitive parameters k and do.

The linear portion of the curve c¢f growth yields the wvalue of k directly.

In the square roct region, the log of the transmission has the form (using

Eg. ( 5) to normalige the value of 4 ):

(10) .

Given values for AE, T and g, the value of Y/do may ve deduced from this
expression.

The values for the parameters g, and fn for 002 znd H, O are presently
being evaluated under a seperate ARPA funded study. A first =stiimate of
the fine structure effects for CO2 has peen cobtained usirg.z more approxi-
mate procedure. Here simplified representa+ions for I and g, have been

n
zssumed and the value of do deduced from the strong line limit calculations

carried out previously by Melkmus. The relstive inrtensity Tactor was zssured

to be the sasme for all line groups (i.e., £ = 1) 2nd the effective line density

&

i

factor En was assumed to have the form (1 + sn)2 . Calculations were carried
cut for various values of ¢ and AE. In order to test the accuracy of this
procedure, the low pressure (Doppler lines) emissivity has been evaluated
for the 4.3- and 2.7-u bandes of 002 (using the curve cf growtih given in

Eq. 6 ) and compared to the detailed calculations of Malkmus. The results

1k



were found to be relatively insersitive to the wvalue cf AE as long as it
:s not too lurge. Using a value of AE equal to nc (667 cm-;), trhe values
for ¢ which gave & "best" representation of the zero pressure calculaticns
were determined by trial. These are shown in Fig. 3. In Figs. L to 7
the emissivities are shown for three values of e: O, €rest’ and 2ebest'

Reference to these figures shows that a reasonable representation of the
Doppler line calculations can be obtained with this formalism throughout

the range of optical depths and temperatures for which detailed calculations
are available. The corresponding values of d;l are shown in Figs. 8 tc 12.
These are z2lsc tabulated at 10 cm'l intervals in Tatle I.* In Tzble II the
values for the line density are given in the limit AE — = (these values

we dencte as 1/d In this case the formaslism is equivalent to approxi-

LR)'
mating the total curve of growth at each wavenumber by 2 single Ladenburg-

Reiche function; i.e.,

-t 220 gy e'Z{JO(iz)-iJl(iz)j (11)

where 2 = kudm/?ﬁy.

In many practical zpplications the pressures are high enough that
Doppler broadening may be ignored. Since, in these cases, the curves of
growth for AE —» O (=~ 1/S distribution) and AE —~ = (delta function distri-
bution) are quite similar, little accuracy is sacrificed for homogeneous

gases by using the simple formelism which obtains in the AE - = limit.

‘This will also be +‘rue for inhcmogenecus gazses so long as the inhomogeneit
123 g y

is not too great. Calculations are currently being carried out to determirne

the sensitivity of the radiance to the value of AE. The results of calcu-

*
Tables I and II are given in an Appendix.

15
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Fig. 4. Comparison of the emissivities in the 4.3-u band of CO, at 600°K and
very low pressure (Doppler broadening) calculated using Model 3
radiance with Malkmus' detailed calculations (solid curves). The
solid dots correspond to the values of ¢ given in Table I and the
vertical line represents the effect of increasing ¢ by a factor of 2
or decreasing it to gero. In each case the value of the line spacing
parameter d, is adjusted so that the collision broadened square root
1limit agrees with Mallomus' theoretical values.
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averaged value:

i U
{ Je du/ | ¥ au (13)
] (s}

In the present case of equal line widths in the two slsbs, the modified
Curtis-Godson approximation for the case when the lines are treated in&ivid~
ually (equivelent to the AE — O limit) yields the exact result.

When the curve of growth of the entire group of lines is approximated
by a single lLadenburg-Reiche function (the AE —~ = limit), the expression

for the equivalent width in the Curtis-Godson approximation becomes

vy e Nu2 k(ul+u2)\~ (g )
Cth u LR k } LR \ 3 /
1* 1
~ Uyt Nug
where z = -;———Gg a;. In Figs.13 and 14 the ratio LISy /W exuot 1S
plotted agsinst ugful for various values of ¥u l/a . Reference to thege

good

6]

figures shows that the modified Curtis-Godson approximazticn gives
approximation of the equivalent width so long ac ug/ul > 1/3. At smaller
values guite large errors may be incurred.

The accuracy of the approximation does not appear to be too sensitive
to the number {N) of hot lines that appear at high temperature so long as
N is not too large. However, when the number of hot lines becomes very

'

large, large errors may result. For example, as N —~ = the ratic WC G /M

exact
becomes
o
P S S kul) | (15)
U, L \ n /4 ’

Here, when the cool front region is optically thick (Eﬁl/ha >> 1) a 50%

21
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errcr is incurred when the hot and cold masses are equal.

Based on these calculations, it appears necessary to ensure that

the values of the parameters fn, g, ard AE are chosen such that the
resulting value of the characteristic lire spacing d_ of the individuzl

line groups does not vary by much more than & factor of 10 along the

portion ©
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I1I. Determination of the Fine Structure Parameters from Experimental Curves of

Growth

The high pressure curves of growth are sufficiently similar for
quite different line intensity distributions that it may be difficult
to distinguish between different distributions directly from measurements
of the transmission versus optical depth unless the data accuracy is
exceptionally high. The high pressure curve of growth measurements are
expected to yleld sccurate values for the average atsorption coefficient
k(w,T) and the mean line width to line spacing ratio a(w,T) (= v/d). To
cbtain a complete description of the transmission function that will be
applicable both to low pressures (where boppler broadening is imgprtant)
and to inhomogeneous gases, it is necessary in genersl also to obtain
values for the relative intensity and line density distribution functions,

~

T and &9 for groups of lines which have similar dependencies on temperature.
Also reguired is a reasonzble value for the line grouping parameter AE.
The accuracy with which these must be known.depeuds or: the zbsolute pressures
and the degree of inhomogeneity expected. In order to obtain an experi-
mental determination of these quantities, i} is necessary to select one
or both of two conditions: 1) a homogeneous optically thick path at
pressures low enough that Doppler broadening is important; 2) an optically
thick inhomogenecus path at intermediate or low pressures.

Doppler broadening will be important when the value of the equivalent
width of a characteristic line computed for collision btrecadening only is
less than that based on pure Doppler broadening. Using the approximate

expressions in Bgs. (6 ) and (7 ) for the corresponding curves of growth,

the ratio of these two widths may be expressed in terms of the ratio(r )
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of the collision half width to the Doppler half width (- = YC/yD) and

the characteristic opacity of a Doppler brozdened line (TD = Su/yD):

WC ((" TD\) (f r 91) -%

— § In i .589 1

T - 0.589 S {\l + 5\ 1+ (0.589 TD) | k (16)
This ratioc is plotted in Fig. 15. For small values of -, the minimum

value of this ratio is roughly 1.7./r. For water vapor at 2000°K, the
value of r at w = 3500 cm-l is about 2P where P is the totzl pressure
(nitrogen broadening). Thus Doppler effects can be important at Pressures
less than 0.1 atmosphere. Since self-broadening will reduce this critical
pressure somewhat, it appears necessary to carry out measurements at
pressures of no more than a few hundredths of an zatmosphere in order to
get an adequate measurement of the curve of growth in the Doppler region.
An alternate method for determining appropriate values of the fine
structure parameters fn’ g, and AE is to carry out measurementc of optically
trick inhomogerecus paths at moderate pressures. The c¢alculstions of the
preceding section indicate ihat the value of radiance of a moderstely short
hot volume of gas viewed through a longer cooler puth may be sensitive to
the values cof these quantities. In order to get = more gQuantitative
determination of the importance of these parameters, some sensitivity

calculations have been initisted. The sensitivity of the radiance to the
L ]
line grouping parameter AE may be seen in Table IIL Here the temperature

and concentrztion profiles shown in Fig. 16 were used as representative

distributions. In Tsble IIIthe ratic of the radiance c=zlculated for various
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(MOLLE FRACTIONS)

H,0

TEMPERATURE (l000°K)

W

N

(o) 1 i 1 1 1 i 1 1 1
-2.0 -1.0 o) 1.0 20
X/Xq
Fig. 16. Temperature and concentration profiles used to test the sensitivity

of the radiance calculation to the parameter & (= AE/k). These
profiles are typical of profiles found in constant pressure turbulent
Jets. The values of the computed radiancies for various values of

B at different total pressures, wavenumbers, and characteristic
lengths (Xb) are tabulated in Table III. In this Table the profiles
labeled "Bell" are the solid curves in the upper figure and those
labeled "Uniform" are the dashed curves.
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values of 8 (= AE/k) to that for & = 2300°K are +abulated zt two wavelengths

{

for various conditions. Except for € the values of the various spectroscopic
Quantities are those corresponding to our Model 3 for water vapor. The
results of these calculations indicate that the radiance of an optically

thick inhomogeneous gas, in which the outer region is cooler than the

. : S v
intericr, is mcdera

ne effects are most

b

to the value of ©.
pronounced at low pressures where Doppler broadening is important or for
very thick gases for which the absorptivity is close tc unity.

These sensitivity analyses are continuing and will be applied also
tC determining the importance of the parameters fn and g -

Once an appropriate form for the curve of growth has been selected
(i.e., when values have been assigned to the parameters 8, s and fn)
the fine structure parameter y/do may be evaluated by fitting this curve
of growth to the experimental data. In Part I of this progress report,
the results of our application of this procedure to the measurements of
water vapor made by a number of investigators were described, In that

analysis the procedure was equivalent to fitting a Ladenburg-Reiéhe .
curve of growth, using the approximation given in Eg. 5. Oppernheim also
fits his measured curves of growth for the 2.7-p water band at 1200°K with
a ladenburg-Reiche curve (see Fig. 4 of Part I). As Malkmus has pointed
out previously (see also Part 1, pp. 49-53) the ex;rapolation of moderately
optically thick data to the square root region with a lLadenburg-Reiche
curve always results in an underestimate of the square root limit and

thus of the value of l/dLR’ The errors depend on,the optical thicknesses

of the original data and are usually small enough that they may be ignored

in a first approximation. For practical purposes we have found that the
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most convenient approach is to use ladenburg-Reiche fits for the initial
determinations of the line density parameters and then refine the descrip-
tion of the fine structure by recomputing the actual emissivity or absorp-
tivities that were actually measured, using more reasonable curves of
growth and adjusting the fine structure parameters to get an improved

£it

T oy
- o Gy

cach is necessitated when the published data give detailed

results for the inferred Ladenburg-Reiche parameters but only representative

results of the original absorptivity measurements.

In Fig. 17 we show the ladenburg-Reiche parameters l/dLR (from Fig. 3
of Part I) deduced from various measurements. The dashed line in this
figure (Model 2), which is a fit to the experimental points, was used to
recompute a number of the original experimental daté. These compar{sons
are given in Part I of this progress report. The present Model 3 curve
of growth, which gives a better description of the weazk lines, has been
used to compute the absorptivities of wster vapor in the 2.7-u region
measured by Simmons. Improved values for the fine structure parzmeter
do— were evaluated on the basis of these comparisons. These are tabulated
in Table VII (in Section V-1) and comprise the present Model 3 values.

A representative comparison with Simmon's data is showp in Fig. 18.

In order to compare with the previocus ladenburg-Reiche fits, a
Ladenburg-Reiche curve has been fitted to Model 3 in the square root limit
(this is the simplified Model 3a). In Fig. 17 the resulting Ladenburg-
Reiche parameters (l/dLR) are compared to the values deduced in the
initial fits. As expected the new values are somewhat higher on the
average, although the experimental scatter does not make the differences

too significant.’  In Fig. 19 a similar comparison with Oppenheim's fine

37
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. . o . .
structure parameter 27y /d at 1200°K is shown. Agszin the Model 3a

IR
values are appreciably higher than the ladenburg-Reiche fit values.

These comparisons indicéte that direct ladenburg-Reiche extrapolations
of the present experimental data to the sguare root limit may underestimate
the curve of growth in this region. At present it is felt that Model 3
or Model 3a provide the most reliable methods for extrapolating to thick

paths although more detailed measurements of the fine structure at thick

pzths and as a function of wavenumber are required.
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Line Widths

1) Collision Widths for H,0

For molecules having an appreciable dipole moment but small moments
of inertia, it is appropriate to allow for two contributions to the self-
broadened line width: =a ;esonant term (Ji = Jé + 1), and a non-resonant
term. For optical‘collision diameters which are independent of the
collision energy, we would expect a temperature dependence (at constant

4+

pressure) of T for the non-resonant term and T-l for the resonant term.
Calculations by Benedict and Kaplan for HEO-HQO collisions near room
temperature indicate that the actual variation of individual line widths
with temperature can deviate considerably from these simple representations.
Also, the variation fram one line to another can be quite large (more than
a factor of 2). Even if detailed line by line calculations of both line
strengths and collision widths were available throughout the temperature
range of interest, the probled of incorpcrating these results into a
formalism simple encugh to be used for practical calculations from
inhcmogeneous gases is formidable. For the present purposes, the most
practical approach appears to be to use a very simple two or three parameter
representation which is based on a simple physical model (constant optical
collision diameter) and determine the values of the fit parameters either
from detailed theoretical calculations carried out for representative
conditions or from measurements of the fine structure parameters. At the
present time, most of the available experimental data for individual line
widths is limited to temperatures near 300°K. Benedict and Kaplan have

carried out theoretical calculations for HQO-Né collisions for a number of

water vapor lines for temperatures up to 2400°K.

42




The present sensitivity analyses»for the fine structure terms indicate
that, so long as the analytical formalism is tied to experiment or precise
theory in certain limiting regions (such as the square root limit), quite
crude (but physically reasonable) representations of the fine structure
terms can give reasonably accurate representations of the spectra except
under rather unique experimgntal conditions.

The long path high temperature measurements to be carried out in the
near future together with the continuing sensitivity analyses will be used
to give better values to the appropriate fine structure parameters and to
check and refine the formal fepresentation of the fine structure. The
sensitivity analyses are considered very important in the determination of
the reliabillity and accuracy of the formalism for application to conditions
not atteinable in the leboratory.

‘For water vapor the approximation of optical collision diameters which
vary as a power of the temperature leads to an expression for the line

width of the form

n *

d / J . Np s}
273 * 7273
Y = (v.) P, {(==) + (v; ) P ==
c % JSTPJ(T) B0 gmp H20\T)

Here Eh is the partial pressure of the Jth broadener and (Yj) is the
STP

line width st STP due to collision with this species (including the non-

*

resonant self broadening collisions). Yg o is the contribution of resonant
2

collisions. For the present model, the available data do not warrant a

sophisticated representation. Thus, for Model 3 we use the constant

* +
collision diameter temperature exponents nJ = 0.5and n = 1.0.

F———
The calculations' of Benedict and Kaplan indicste that a somewhat improved
representation for HQO-Ngcollisions can be obtained with nj = 0.6-0.7
instead of 0.5.
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In Table IV we have listed values for the half widths of HEO for
both self and foreign-gass broadening taken from various sources. Also

listed is a set of recommended values based on these data.

2) Collision Line Widths for CO, and CO

For & mixture of gases, we express the collision line width of CO

2
- and CO in the form .
KN n
y=) (vy) (——T3) (7)
L STP
i=l
where Pi is the pressure in atmospheres of the ith species, (Yi) is
STP
the line width at STP due to collisions with that species and n, an

exponent describing the temperature dependence of the line width. Both
002 and CO have a relatively large number of rotational energy levels
excited even at room temperature because of their high moments of inertia.
Thus the contributions to the line width due to rescnant collisions

(Jl = Jé + 1) are relatively smell. As a first approximation, therefore,
we may take ny = # for all species i. In Table V we have listed values

for the half widths for CQ2 and CO for both self and foreign-gas broadening

taken from various sources. Also, in Table V we indicate a set of recommended

values based on these data.

3) Doppler Line Widths

The line half width at half height due to Doppler troadening slone

may be expressed in the form

2
by = ©, \/ (2 on 2)kT/me

where wo is the wavenumber at the line center and m the molecular weight.

4l




Table IV: Collision broadened line half widths 2t half height for H20

-1 *
at STP (ip cm l)

*y

Broadener 320 N2 O2 CO2 Ar He Source
5.2a a Burch, et al.
0.5k .087 .12 .065 Vasilevsky and
Neporent
0.53 .092 .ol Benedict and Kaplan
Model 3 0.53 0.09 0.0k 0.12

*
Values for foreign gas broadeners have been scaled to 273°K according

- -1
O Y ~ . or se ro ening ~ wgs used.
£ ¢, F 1f broadening, y ~ T a
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Table Va: Collision broadened line half widths at half height for 002

- ¥*
at STP (in cm l)

Broadener 002 N2 02 H2 A He Source
0.1 Madden
< 0.12 Adel
0.079 Benedict, Silvermann
0.088 Kostkowski
.067 Kaplan, Eggers
.12 Adel
.06 Kostkowski
1.3a a B8la 1.17a .78a .5%a| Burch, et al.
Model 3 . .09 0.07 .055 .08 .05 .0k

Table Vb: Collision broadened line half widths at half hejght for CO at

1.
STP (in cm l)

Broadener co N2 O2 32 A He Source‘
1.02a a .85a .78a .6ha |Burch, et al.

a .87a 1.25a .72a |Cross and Daniels

.ok2 .043 .022 .019 |Penner and Weber

067 .064 .027 |Metheson

057 . Benedict, et al.
(= ~ 15)

Model 3 .05 .05 .ok .05

* -
These data have been scaled to 273°K according to y ~ T % at constant pressure.




»*
V-1l. Summary of Current Radiance Calculation {Model 3)

1) Radiance Calculation

The spectral radiance is evaluated from

;»

I EMOFICTEY) L ™ iJ) ds . (18)

The optical depth \N N for the ith species is evaluated from a sum over
3

line groups:
VD N CHIR W (19)

The opticel depth of the nth group is evaluated from the curve of growth

*
[e(r ,ac,aD)] using the modified Curtis-Godson approximation:

L - —
(Tv,i)n = (7, ag p aD,n) (20)

¥*
where T is the optical depth in the Just overlapping line approximation:

s
*
Tn=JknéS, (21)
o
and ;C n and Eb o &re mean values for the fine structure parameters:
> 3
s
1 C
=Tfr (22)
"o ®

5

The work described in this section was developed principally under
Contract No. AF19(628)-4360.

b7



a. =

D
D,n k_ds . (23)

d n v
n

O
<

S I

Here Yo and Yp are values for the collision broadenred and Doppler broadened
half-widths, respectively. The absorption coefficient for the nth group

is evaluated from

-

= -n8/T [T -ng8/T!
knzx(T)fnen//LZ fnen’ L (2k)
=0

and the line density l/dn from

= - 8,/d,(T) . (25)

o

The mean absorption coefficient k and the line spacing parameter dO are
tabulated functions of temperature and frequency. The coefficients &,
and fn are temperature independent and are tabulated versus n for each
frequency. The parameter 8 can be a function of frequency but usually

is assigned a unique value. (When 6 is put equal to infinity, a simpler

formalism results. This is summarized in Section V-2).

.

% - —
2) Curves of Growth: (f(T s Bps aD)>

The curve of growth for combined collision and Doppler broadening

is evaluated from the expression

* - = - *
(7, 20 aD) = Jl -y <7 (26)

where
=D -2
2 T2
r T\ r D
y=it- (T*/ Jo+h-] 2 (27)




and where the pure collision curve of growth is approximated by

*/ * -
To=T 1+ /hac> s (28)

and the pure Doppler curve of growth by

N”

~~
N
\O

ot
J

- T * 2
Tp = 1.7 ap {8 [1+4(0.589 T /ap)”]

For Teo much different from Tp f is approximately equal to the larger

of TC or TD.

3) Mean Absorption Coefficients [k(T)]

i) H,0: Tabulated in Table II of Reference 1.
ii) €O, : Tabulated in Table IV of Reference 1.
iii) €0: Tabulated in Table III of Reference 1.

iv) Carbon: Tabulated in Table VIII of present report. (Appendix)

4) Collision Line Half Widths

The line shape due to collisions with like or unlike molecules is
approximated by a Lorentz line shape. The line half width at half height
of the ith molecule is assumed to be the same for all lines and to be given

by the form
' iJj ii
r (273 1 (273
YCi =§_t_(Yij%WpJ\ ‘I‘> J *'(Yii?mf’i\ T ) (30)

Here p is the partial pressure in atmospheres of the jth species and the

SN
sum is to be carried out over all species. The values of (v, )] , .,
s Y
* *
(Yii) , and n are given in Table VI.

STP

kg




.
‘ :

Table VI: Model Values for the Ccllision Line Width Parameters (Model 3)*

/ )4 FAN *
Molecule Broadener VY n Y. .) n,,
\ 13>STP 13 \ lLéTP ii
(1) (3)

H,0 H,0 (0.09) 0.5 0.4 1.0

N, 0.09 0.5 0

0, 0.0k4 0.5 0

H, (0.05) 0.5 0

co, 0.12 0.5 0

co (0.10) 0.5 0

co, co, 0.09 0.5 0

. H,0 : ( .o7) 0.5 0

, N, 0.07 0.5 0

0, 0.06 0.5 0

1-12 .08 0.5 0

co ( .06) 0.5 0

co © €O 0.05 0.5 0

. H,0 ( .05) 0.5 0

co, ( .05) 0.5 0

H2 0.05 0.5 0

N, 0.05 0.5 o}

0, .0k 0.5 o

% :
Except for the values in parentheses, these values are based on experi-

mental or theoretical data. Because of the fairly large differences
. between some of the measurements, these data should be considered pre-

liminary. No experimental data were found for the broadeners for which

values given are in parentheses. The values shown are strictly guesses.
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5) Doppler Half-Widths

The half-width (yD) at half-height of Doppler broadened lines is

given by the expression

_6 -,
Yp = (5.9 x 10 )—;g-
vhere w ig the wavenumber and M the molecular weight (in gms/mole).
6) Fine Structure Parameters
Table VIIa. Values for the parameters l/dc, T, g., and 8
Molecule L\_/dO (T,w) g, T (?’K) Remarks
0 = [ / : 1 1 2
T/2 ] .0 .0 00
H, 3273 9] 73 . 3
(tabulated in Table
VIIb below)
2 -
co, Tabulated in (1+en) 1.0 | 960 e(w) is
Table I (Appendix) tabuleted in
Table I
CO 0.25 cm 1.0 n+l 3123
(constant value)

Table VIIb. Line Density for H20 at 273°K

1
: dO(2735K5 (cm )

Wavenumber (cm_l)

.33
46

.20

2500 < w <

3TWo < w <

2500
3740
3825
3825
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V-2. Summary of Simplified Radiance Calculation (Model 3a)

1) Radiance Calculatian

This simplified formalism results when all the lines for each species
are grouped together. It may be obtained as the limit 8 — <, Thus the

optical depth for the ith species is given by

* — J—,
- 2
TV,i = £t , 25» aD) (32)
where
s
* _—
T = g‘ k(T) ds
o]
Yo
c=%] g Fes
T IR

y
1 D =~
anﬁ:f&"'“ﬁ

ks

[, * A\
2) Curve of Growth {f(T , a5 aD)/

Same as for Model 3.

3) Mean Absorption Coefficient [k(T))

Same as for Model 3.

4) Collision Line Width

Same as for Model 3. -

5) Doppler Line Widths

Same as for Model 3.
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6) Fine Structure Parameter (l/dIR)

The values of l/dI_R(T) may be obtained from the tabulated values of
l/do(T) (Model 3) according to

L]

fé g% e—ne/QT 2

nn

[r——

E,Ms

1 4
dLR o}

= (33)

-n8/T

~ SP
H:

e

n
ia

L

where 8 is the value used in Model 3.
i) HEO:

Since, for Model 3, f =g =1, Ea. (33) vecomes

11 (e
1-

_ 1 )
dg "4 \ _-8/2T

This is plotted in Fig. 17 but is not tabulated.

i) CO,:

l/dLR tabulated in Table II. (Apperdix)
iii) co:

l/dLR from Eg. (33)inot tabulated.
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